Th ages from two Hulu Cave stalagmites complete a precise record of atmospheric 14 C covering the full range of the 14 C dating method (~54,000 years). Over the last glacial period, atmospheric 14 C/ 12 C ranges from values similar to modern values to values 1.70 times higher (42,000 to 39,000 years ago). The latter correspond to 14 C ages 5200 years less than calibrated ages and correlate with the Laschamp geomagnetic excursion followed by Heinrich Stadial 4. Millennial-scale variations are largely attributable to Earth's magnetic field changes and in part to climate-related changes in the oceanic carbon cycle. A progressive shift to lower 14 C/ 12 C values between 25,000 and 11,000 years ago is likely related, in part, to progressively increasing ocean ventilation rates.
L ibby pioneered the 14 C dating method (1) , which revolutionized a number of scientific disciplines, most notably archeology and climatology. However, variations in atmospheric 14 C, likely caused by changes in the shielding of cosmic rays induced by the Earth's and Sun's magnetic fields and/or the redistribution of 14 C among different carbon reservoirs, were soon recognized (2) . These changes necessitate the calibration of 14 C ages against a calendar time scale. A precise and accurate 14 C calibration is considered the Holy Grail of radiocarbon dating.
Our ability to calibrate the 14 C time scale has been limited by our ability to establish the absolute age of a material that contains information about atmospheric 14 C/ 12 C. By the late 1980s, the most recent portion of the 14 C time scale [last 10 thousand years (ka)] was calibrated extremely precisely using dendrochronology. The development of mass spectrometric 230 Th dating methods (3) and their continued refinement (4) opened up the possibility of extending the calibration much deeper in time, led to the first large extension of the calibration well back into the Pleistocene (5), and ultimately has led to the current contribution. However, the 230 Th dating approach has its own constraints. Corals, which are good materials for 230 Th dating, do not accumulate continuously over thousands of years and are difficult to collect since those in the time range of interest are now largely submerged. Stalagmites, which can be excellent choices for 230 Th dating, typically contain a significant fraction of carbon ultimately derived from limestone bedrock, which is essentially 14 C-free. Stalagmite-based calibrations must therefore correct for a dead carbon fraction (DCF), which can be large and variable and is typically the main hurdle in such efforts (6, 7). fig. S6 ). Although we cannot rule out scenarios where, for example, the DFC shifts similarly in pairs of stalagmites, the replication among stalagmites is consistent with small DCF for all three speleothems and DCF stability within tight bounds over the period of our extended record ( fig. S6 ). We therefore adopt the H82 DCF correction of 450 ±70 years for the entire record. 14 C data from modern dripwaters (figs. S7 to S9) suggest that the soil above portions of the cave is characterized by open system conditions, which together with an unusual sandstone ceiling above the three samples provide a possible explanation for the low DCF that we infer for the three stalagmites (11, 12) .
A number of arguments support the accuracy of the record. The younger portion of the H82 record agrees with the dendrochronology record (8) . The overlapping portions of the three stalagmite records are internally consistent. There is agreement between one of the highest values in our record (D 14 C = 700‰, at~39.85 ka B.P.) with a precisely and carefully determined independent data point based upon wood associated with the Campanian Ignimbrite and precise Ar-Ar dating (13) . Finally, two floating dendrochronology sections (14, 15) can be placed on the Hulu calibration in such a way that overall trends and finer-scale features match the Hulu curve (11) (Figs. 1 and 2 and fig. S10 ). We should point out, however, that others have previously proposed a placement later by~1 ka for one of these floating chronologies (16) ; see the supplementary materials for a discussion of this issue.
Considering the full record, there is a general correspondence with the latest IntCal compilation (17) (Figs. 1 and 2) within fairly large uncertainties, confirming the general validity of the compilation. However, for the portion older than 30 ka B.P., clear differences emerge. The Hulu record has less uncertainty and resolves previously unknown fine-scale structure. Between 33.5 and 42.5 ka B.P., the Hulu record indicates larger offsets between 230 Th ages and 14 C ages than IntCal13, with offsets between the records as high as 1 ka, corresponding to a higher D
14
C by as much as 170‰ as recorded at Hulu. Conversely, from 42.5 ka B.P. to the end of the IntCal curve at 50 ka B.P., the Hulu record indicates smaller offsets between 230 Th and 14 C ages, by~1 ka, which corresponds to~140‰ lower D C excursion around 31 ka B.P. This low, present in Cariaco sediment and Bahamas speleothem datasets (7, 18) , was omitted from IntCal13 because of its absence from the Lake Suigetsu record (19) . The Hulu data support this omission. 14 C ages are generally less than calendar ages throughout the full record, reaching a maximum offset of~5200 years between~39.3 and~40.8 ka B.P. (Fig. 1) . The offset is largely due to higher atmospheric D 14 C, although there is also a progressive offset of 2.83% of the age due to the use of the Libby half-life in calculating the 14 C age. Between 54 and 43 ka B.P., D
C values range between 0 and 300‰, then increase sharply to values exceeding 600‰ by 42 ka B.P. (Fig. 2) (Fig. 3) has similarities to the geomagnetic record (Virtual Axial Dipole Moment data) (20) , suggesting that changes in shielding of cosmic rays by the geomagnetic field are responsible for much of the millennial-scale variation in D
C. Of note is the coincidence within tight age uncertainties between the abrupt increase in Hulu D 14 C and the onset of the Laschamp magnetic excursion at~42.3 ka B.P. (21) , as well as between the period of weakest geomagnetic field during the Laschamp (~41.1 ka B.P.) (21) , which correlates with the highest D
C values over the past 54 ka. This suggests that the Laschamp is responsible for both of these features. Additionally, a second prominent peak in the Hulu record at~34 ka B.P. is consistent with the timing of the Mono Lake excursion (22) , suggesting that this excursion is responsible for the D
C peak (Fig. 3) . We estimated the component of D
C variability caused by geomagnetic field changes by using a magnetic record (20) , a cosmogenic production model (23) , and the MESMO-2 Earth system model (24) . The output simulates that component of atmospheric D 14 C variability caused by geomagnetic field changes alone (11) (Fig. 3C) . We subtracted this model curve from the observed Hulu D
C record to obtain a model-observation residual curve (DD 14 C), which shows the component of the observed variability not captured by our model, likely due to some combination of uncertainties in the input magnetic field data, inaccuracies in the model itself, solar modulation of production, and changes in the carbon cycle (Fig. 3E) . We cannot use this residual as a quantitative target curve for, say, a model with a changing carbon cycle, as there are nonlinearities in the overall problem (25) . Nevertheless, we consider the residual curve useful for the remaining discussion, because it guides us to the magnitude and direction of observation-model differences.
The residual is characterized by a series of millennial-scale events during the last glacial period (Fig. 4B) . Given uncertainties, we have not attempted to assign a one-to-one correspondence between climate events and features in the residual trace. However, we highlight two cases where temporal constraints are robust and where the trace shows a prominent feature, the Younger Dryas (YD) and Heinrich Stadial 4 (HS 4). In both cases, residual highs correlate with cold anomalies in the North Atlantic region. For the YD, this observation confirms earlier work (26) (27) (28) (29) . These studies all explained the relatively high D 14 C by invoking carbon cycle changes associated with climate change with, in one case (29) , an additional contribution from solar modulation during the early YD. For HS 4, temporal constraints place the end of the Laschamp (16, 21)~1 ka well before the prominent residual peak that correlates with HS 4. Even that long after the end of the Laschamp, one would expect high atmospheric 14 C, because the e-folding time for reaching isotopic steady state after a production change is on the order of thousands of years, the time scale of deep ocean ventilation. However, the time scale for the initial significant diminution of atmospheric 14 C following a production drop is a few hundred years, a time scale tied to reaching isotopic steady state with the upper portion of the ocean. Our model captures this, as evidenced by the few-hundred-year difference between production shift (Fig. 3B) and D 14 C response (Fig. 3C ) for numerous production changes. Since D 14 C does not fall in the centuries after the Laschamp but instead rises slightly to a high value that correlates with HS 4, we conclude that another factor besides magnetic field change has contributed to these high values, likely carbon cycle changes associated with climate change.
Given the general character of the millennialscale variability in the residual trace, it is plausible that the relationships that we observe for the YD and HS 4 are more general features of the last glacial period climate and carbon cycle. The YD, HSs, and Greenland stadials (GSs) correspond to weak modes in the Atlantic Meridional Overturning Circulation (AMOC), as inferred from the C. This strategy takes into account production changes caused both by the terrestrial magnetic field and by solar modulation. They reached a similar conclusion as Bard et al. (5), i.e., that production changes could not explain the full D 14 C shift over this interval and that carbon cycle changes could account for up to 100‰ of the shift. Our work confirms some of these conclusions, as our residual trace shows a significant decline after accounting for magnetic field-related production changes.
The broad lowering of D 14 C throughout this interval could plausibly result from progressively increasing ocean ventilation. All other factors being equal, the shorter the mixing time, the less time for 14 C to decay, the more 14 C in deep waters and, by mass balance, the lower the D
C of the atmosphere. Presuming an average deep water age of 1000 years at 11 ka B.P. and a 60:1 ratio of deep water to atmospheric carbon, the lowering of atmospheric D
C over this time period can be explained by a progressive shift in deep water age from about 3000 years at 25 ka B.P. to the assumed 1000-year value at 11 ka B.P.
There is some support for the inference of increasing ventilation with time, as observations indicate that the deep Southern Ocean and South Pacific were poorly ventilated at the last glacial maximum (32) (33) (34) 
